We utilized gene expression profiling of a comprehensive panel of purified developmentally defined normal murine B cells to identify unique transcriptional signatures for each subset. To elucidate transcription factor activities that function in a stage-specific fashion, we used gene sets that share transcription factor targets and found that germinal center B cells had a robust enrichment of upregulated and down-regulated signatures compared with the other B-cell subsets. Notably, we found Yy1 and its targets to be central regulators of the germinal center B (GCB)-specific transcriptional program with binding of Yy1 to select signature genes in GCB cells, and translation of the Yy1 signatures to human GCB cells. We then tested whether our newly generated, stage-specific transcriptional signatures could be used to link murine lymphoma models to stages of normal B-cell development. Although each of the molecularly defined murine lymphoma models conserved certain stage-specific features of normal B-cell development, there was a significant alteration of the normal differentiation signature following malignant transformation. These findings offer important tools and insights for elucidating differences between normal and malignant B cells.
We utilized gene expression profiling of a comprehensive panel of purified developmentally defined normal murine B cells to identify unique transcriptional signatures for each subset. To elucidate transcription factor activities that function in a stage-specific fashion, we used gene sets that share transcription factor targets and found that germinal center B cells had a robust enrichment of upregulated and down-regulated signatures compared with the other B-cell subsets. Notably, we found Yy1 and its targets to be central regulators of the germinal center B (GCB)-specific transcriptional program with binding of Yy1 to select signature genes in GCB cells, and translation of the Yy1 signatures to human GCB cells. We then tested whether our newly generated, stage-specific transcriptional signatures could be used to link murine lymphoma models to stages of normal B-cell development. Although each of the molecularly defined murine lymphoma models conserved certain stage-specific features of normal B-cell development, there was a significant alteration of the normal differentiation signature following malignant transformation. These findings offer important tools and insights for elucidating differences between normal and malignant B cells.
B
-cell maturation proceeds through distinct developmental stages that are largely characterized by the generation and modification of antibodies that function during adaptive immune responses (1) (2) (3) . This hierarchical development is controlled in part by the activation/inactivation of transcription factors (TF), resulting in the induction or suppression of large sets of genes that are necessary for the cellular processes specific to discrete states or for further differentiation (4) . Therefore, by understanding the genes that are expressed with specificity for given differentiation states, we can gain insight into the TFs that are central to discrete B-cell programs. Germinal center B (GCB) cells are of particular interest because of their importance in increasing the efficacy and diversity of adaptive immune responses via directed DNA modifications [somatic hypermutation (SHM)] and double-stranded breaks [class-switch recombination (CSR)]. Errors in the programmed DNA alterations inherent to GCB cells can lead to translocations and aberrant SHM that are associated with B-cell lymphoma. Although certain GCB-specific transcriptional regulators have been defined (5) , much remains to be characterized in this highly dynamic B-cell subset.
One approach for gaining insight into mechanisms of B-cell development and survival has been to generate specific genetic mutations in murine genes modeling those found in human Bcell lymphoma. For genes with functions in controlling B-cell development or survival, this can result in alterations of B-cell homeostasis, and can occasionally promote lymphomagenesis. Murine lymphoma models can be putatively aligned with normal stages of B-cell differentiation by using the expression of surface markers and the status of Immunoglobulin (Ig) gene segment rearrangements, notably V(D)J or CSR Ig gene rearrangement status and SHM. These comparisons provide important insights with regard to the gene function; but the degree to which these mutant models recapitulate normal B-cell biology, and whether the similarities or differences are the more important features, remains unknown.
Each discrete B-cell differentiation state can be defined by cell surface antigen profiles that facilitate classification. However, few studies have applied modern molecular profiling tools to interrogate panels of B cells from all differentiation states (6) . Furthermore, many of these studies have been focused on early differentiation states associated with V(D)J recombination (7, 8) . Here, we used transcriptional profiling of a comprehensive panel of normal B cells at each of the major developmental stages to gain insight into the relative differences in their signatures and to infer relative TF activities.
Because of the multiple mechanisms of posttranscriptional regulation of TF activity, and the inability of TF transcript levels to reflect these modifications, we used bioinformatic analysis of TF target gene sets and conserved DNA sequence motifs to interrogate TF activity. With this approach, we identified Yy1 as a likely central regulator of the GCB-specific transcriptional program. Binding of Yy1 to GCB cell signature genes was confirmed by ChIP, and Yy1 target genes were coordinately expressed in human GCB cells.
In addition, we used our comprehensive transcriptional signatures to interrogate selected murine lymphoma models that putatively represent selected normal B-cell differentiation states, and found that a small, but significant portion of normal B-cell signatures are reconstituted in malignant murine B cells. Together, these findings not only provide a resource of transcriptional signatures of murine B-cell development, but highlight the utility of such signatures in identifying central regulators of B-cell development and in gaining insight into the relationship between normal and malignant B cells.
Results and Discussion
Purification and Transcriptional Profiling of Murine B-Cell Subsets.
Most classification schemes for B-cell development have chiefly relied on the DNA rearrangement status of the Ig receptor gene segments, together with the expression pattern of the BCR and/or specific surface markers to define discrete stages. Although this is an extremely practical classification system, dynamic changes that occur at specific developmental stages are not readily illustrated. Global gene expression profiling has provided many insights into immunological processes (9) , and recent developments in bioinformatic approaches have allowed gene expression signatures to be used to infer biological processes such as transcription factor activity (10) .
To profile discrete B-cell differentiation states, we used previously defined immunophenotypic characteristics to define and purify each subtype from the bone marrow and spleen of mice by FACS (Table 1 ). B-cell subtypes included pro-, pre-, transitional (Trans.), follicular (Foll.), marginal zone (MZ), and germinal center B cells (GCB), as well as plasmablasts (P.blasts) and plasma cells (P. Cells) that were >90% pure. These samples were subsequently used for global transcriptional profiling on Affymetrix Mouse 430 A2 microarrays. Using known B-cell differentiation antigens (11-13), we first confirmed that markers were expressed in the appropriate B-cell subsets, including Dntt, Sox4, and Rag1 in pro-and pre-B cells, Aicda and Fas in GCB, and Xbp1 in P.blasts (Fig. S1 ).
Comprehensive Transcriptional Profiling of B-Cell Subsets Highlights
Key Transcriptional Regulators. We performed unsupervised hierarchical clustering within the space of the top 3,000 markers as ranked by median absolute deviation and largely confirmed the cosegregation of samples assigned to the same subset, although the Pro-B and Pre-B samples and the Foll. and MZ samples were less divergent (Fig. 1) . Given the subtle differences in the immunophenotypes of Pro-and Pre-B cells and of Foll. and MZ B cells (Table 1) , the transcriptional similarities were expected. We next used the transcriptional profiles and a supervised oneversus-all analysis to define signatures that were specific to each B-cell differentiation state. These signatures, 350 up-regulated and 350 down-regulated genes that were specifically and significantly [False Discovery Rate Q-value (FDR) < 0.25] altered in transcript abundance within each B-cell subset, are shown and listed in Fig. 2 and Dataset S1, respectively. Despite each gene being significantly over-or underexpressed in individual subsets compared with all remaining subsets, the more subtle distinctions between Pro-B and Pre-B subsets and between Foll. and MZ subsets are apparent (Fig. 2) . In contrast, the GCB signatures are highly specific, indicating that the signature genes may be useful for gaining insight into GCB-specific biologic processes.
In addition to including known B-cell subtype markers such as Dntt in Pro-B cells, Sox4 in Pro-and Pre-B cells, Irf4 in Trans. B cells, and Fas and Aicda in GCB cells, these developmental signatures also extend beyond known markers and include other functionally important genes. For example, GCB cells show specific up-regulation of an important Bcl-2 family member (Mcl-1) (14), a regulator of Polycomb Repressor Complex 2 function (Suz12) (15) , and a central regulator of autophagy (Becn1) (16) . In addition, these comprehensive stage-specific transcriptional signatures provide a framework for defining transcriptional regulators with selective activity in specific B-cell subsets.
Because of the multiple mechanisms by which TF activity can be modulated at a posttranslational level, the transcript abundance of TFs is not always an accurate indication of their activity (17). For these reasons, we used the transcript abundance of sets of TF target genes to infer activity of specific TFs. The compendium of TF target gene sets used in this investigation was assembled by mapping evolutionarily conserved regions within mammalian genomes and identifying nondegenerate TF bindingsequence motifs within them (18) . Because of the lack of defined binding sequence matrices for some TFs and the variable rate of binding degeneracy of others, this approach resulted in some TFs not being having representative target gene sets and other TFs having multiple target gene sets. Our current analysis was restricted to transcription factor targets with well-conserved TF binding sites and multiple target gene sets; certain essential GCB TFs (e.g., Bcl-6) were not represented in these target gene sets. We used hypergeometic gene set enrichment analysis (HG-GSEA) to define the probability of overlaps between predefined gene sets in a fashion that corrects for multiple hypothesis testing, providing FDR values. Using our B-cell subset-specific transcriptional profiles, we identified significant (FDR < 0.25) enrichment of 251 TF target gene sets within up-regulated signatures and 155 TF target gene sets within down-regulated signatures across all B-cell subsets (Dataset S2). To identify TF target gene sets with the most robust enrichment, we required >50% of target gene sets for each transcription factor to have statistical significance (FDR < 0.25), and ≥1 to be highly significant (FDR < 0.01). Using these stringent criteria, NFκB target genes were significantly up-regulated in Transitional B cells and down-regulated in Pro-B and Pre-B cells (Fig. S2) . The identification of NFκB target gene expression in Trans. B cells is in line with previous studies (19, 20) and suggests a stage-specific role for NFκB in early B-celldevelopment.
We next used the same rigorous criteria to highlight the most robustly and consistently implicated transcriptional regulators of the GCB signature, and identified three factors as important for the GCB-specific transcriptional program: Yy1, Creb, and E2f (Fig. 3A) . Creb gene sets also showed enrichment within the Trans. B-cell subset (Fig. 3A and Fig. S3 A-C) , and E2f gene sets also showed significant enrichment in the Pro-B subsets (Fig. 3A and Fig. S3 D-F) , suggesting dynamic Creb and E2f activity at specific stages of B-cell development. Creb is of interest in GCB cells because of its previously defined role in promoting B-cell survival in response to activation by BCR and CD40 ligation (21, 22) . In addition, E2f promotes proliferation downstream from PI3K/Akt signaling, a central survival pathway (23) .
Of the gene sets within our database, Yy1 was the only TF that was specifically enriched in the GCB signature (Fig. 3A) . In addition to functioning as a transcriptional activator (24) (Fig. 3B) . In line with previous observations (28, 29) , these data suggest that Yy1 may function in regulating the GCB transcriptional program via interaction with certain Creb and E2f factors and modulating the specificity of these factors in the germinal center (Fig. S3 ).
Yy1 as a Regulator of GCB Signature Genes. The target gene sets for Yy1 used in HG-GSEA analysis were derived by identifying highly conserved Yy1 DNA binding sequence motifs in multiple species, including mice and humans (18) . We first validated Yy1 binding to GCB-specific Yy1 target genes using publicly available ChIP-sequencing data (30) from human K562 cells, and found that >90% (30/33) of predicted GCB-specific Yy1 target genes contained Yy1 binding peaks (Fig. S4) . Next, we performed ChIP-qPCR in GCBs and total splenic IgM + B cells and measured Yy1 binding to eight GCB-specific Yy1 target genes and one GCB-specific signature gene that was not predicted to be a Yy1 target, Aicda. This showed highly significant increases in the binding of Yy1 to predicted target genes in GCBs compared with total splenic IgM + B cells (mostly Foll. and MZ B cells), and no detectable binding of Yy1 to Aicda (Fig. 3C) . Together, these results demonstrate that Yy1 binds to predicted target genes that are selectively expressed in GCBs and validates the computational identification of Yy1 as a key regulator of the GCB transcriptional program.
In addition to identifying Yy1 target genes on the basis of their highly conserved Yy1 binding sites, we directly interrogated GCB signature genes for Yy1 binding sites with a second unbiased approach. GCB signature genes were screened for significantly overrepresented DNA sequence motifs (31) . This revealed the presence of 754 significantly enriched (FDR < 0.1) motifs, corresponding to 254 highly-correlated motif clusters. Alignment of clusters to known TF matrices revealed matches to 34 known TF matrices including ubiquitous TFs; of note, one motif cluster was tightly correlated with the Yy1 binding matrix. We therefore reassessed the GCB signature genes and genes of non-GCB signatures for the frequency of the identified Yy1 binding sequence motif in regulatory regions, and identified binding sites in 35% (125/350) of GCB signature genes (Dataset S3), with a peak of Yy1 binding site frequency ∼1 kb upstream of the transcription start site (TSS) of GCB signature genes (Fig. 3D ). In contrast, no peak was identified among non-GCB signature genes (Fig. 3D) . These results reinforce the specificity of Yy1 for GCB signature genes, and indicate that Yy1 may regulate a larger set of GCBspecific genes than that highlighted by the HG-GSEA analysis.
Given the evidence supporting Yy1 as a key factor in GCB biology, we next asked whether the 125 murine GCB-specific genes possessing Yy1 motifs were selectively overrepresented in human GCB cell profiles. GSEA revealed there to be a significant enrichment of the murine GCB-specific Yy1 target genes within human GCB cells (compared with naive and memory B cells; FDR = 0.079) (Fig. 3E) . Taken together, these data suggest that Yy1 is also a key transcriptional regulator of human GCBs.
Normal Differentiation State Signatures in Murine B-Cell Tumor
Models. Murine models are commonly used to gain insight into the role of dysregulated genes in aberrant cell survival, perturbed differentiation, and lymphomagenesis. In certain murine lymphoma models, the malignant B cells are associated with specific stages of normal B-cell differentiation based on the status of Ig genes and the expression of cell surface markers. However, the degree to which these lymphoma cells recapitulate or diverge from a normal B-cell program after transformation remains unknown. To address this question, we used our comprehensive transcriptional signatures of normal B-cell differentiation states to interrogate three lymphoma models that are thought to retain features associated with specific normal stages of differentiation; a double-knockout of the Lig4 and p53 genes (Lig4/p53), a Bcl6 transgenic (IμHABCL6) and a double transgenic of Bcl6 and Myc (IμHABcl6//λMyc). Previous analyses of these three murine tumor models correlated Lig4/p53 lymphomas with the Pro-B/ Pre-B-cell stage of differentiation by immunophenotype and the presence of IgH rearrangements (32), IμHABcl6 tumors with the GCB stage by immunophenotype and the presence of SHM (33) , and IμHABcl6/λMyc lymphomas with the plasmablastic stage by immunophenotype (34) . Interrogation of the transcriptional profiles of these models therefore provided an opportunity to assess the extent to which the malignant lymphomas retained normal B-cell subset signatures. We first evaluated these tumors within the space of the a priori set of known B-cell differentiation markers, and found extensive differences in the patterns of these markers between the tumor models and their putative corresponding normal differentiation states (Fig. S1 ). For example, Lig4/p53 lymphomas retained expression of the Pro/Pre-B markers Cd93 and Rag1, but not Dntt or Kit. IμHABCL6 tumors maintained expression of GCB genes, Fas, and Mcl1, but not Gabpa (34) . IμHABCL6/λMyc lymphomas maintained expression of the P.blast marker Prdm1, but showed variable expression of Xbp1.
We then asked whether the more comprehensive signatures of normal B-cell subsets could be used to derive a robust classification schema for interrogation of murine lymphoma models (Fig. 4A) . For this analysis, we grouped the transcriptionally similar normal B-cell subsets (Pro-B/Pre-B and MZ/Foll.) into single classification categories and assigned an additional filtering criterion to our signature genes (fold change >1.25; Fig. 4A) . Tumor model-specific signatures were derived using a one-versusall analysis, which defined the top 350 genes that were significantly more highly expressed in each model compared with the remaining two models (Fig. 4B) . We then evaluated the representation of normal B-cell subset classification signatures within lymphoma model signatures by HG-GSEA. This revealed that the Lig4/p53 knock-out tumors shared components of the normal Pro-B/Pre-B-cell signatures, IμHABcl6 tumors retained features of normal GCB cells, and IμHABcl6/λMyc dual transgenic lymphomas shared more features of normal P.blasts (Fig. 4C) . Therefore, there were conserved, stage-specific features in each of these molecularly defined murine lymphoma models. However, the tumors retained only a minor component of the normal B-cell signatures, indicating that the majority of the normal differentiation signature was lost following malignant transformation.
Conclusion
Herein, we have undertaken comprehensive transcriptional profiling of a wide developmental range of normal and malignant murine B cells. We have defined robust stage-specific transcriptional signatures of normal murine B-cell differentiation that extend beyond previously identified markers and provide new functional insights. Using these signatures in tandem with HG-GSEA, motif conservation analyses and validation by ChIP, we identified Yy1 as a murine GCB-specific transcriptional regulator. Our analysis used a limited number of transcription factor gene sets based on highly conserved sequences of TF binding sites; additional important factors are not included in the current database. Nevertheless, this approach offers an important tool to interrogate functional transcription factor pathways in B cells, and identifies Yy1 as a member of the set active in GCB cells. Yy1 target genes were also preferentially expressed in human GCB cells. These findings have major implications regarding the potential role of Yy1 in locus contraction during CSR in the GC reaction. We also used the stage-specific normal B-cell signatures to gain insight into the conservation of normal B-cell transcriptional programs in murine lymphoma models. The differentiation signatures could be used to link specific lymphoid tumors with stages of development, although the normal B-cell profiles were largely lost or altered by malignant transformation. This study therefore highlights comprehensive signatures of murine B-cell differentiation states, and provides examples of how these signatures can be applied to gain important functional insights into normal and malignant B cells.
Materials and Methods
B-Cell Isolation and Transcriptional Profiling. Normal WT mouse B cells were isolated from 8-to 12-wk-old mice. Single-cell suspensions were obtained from each lymphoid organ, stained with antibodies to surface markers (Table  1) , and purified by FACS (Fig. S5) . Cell purity was >90% of collected events in all cases, as defined by the sorting criteria of each population. Detailed methods regarding B-cell isolation, sorting, and sample preparation are described in SI Materials and Methods.
Gene Expression Data Normalization and Validation. Raw probe signal intensities for each sample were scaled by robust multiarray normalization and log 2 transformed before analysis (35) . Because of the similarities in scatter profiles of B and T lymphocytes, we eliminated the possibility of a confounding effect of T cell contamination by the removal of probes corresponding to a T cell signature before analysis (SI Materials and Methods). The purity and origin of each sample included in this study was assessed through the use of an a priori set of known B-cell differentiation markers obtained from a review of the literature (Dataset S4) (11) (12) (13) . Unsupervised hierarchical clustering was performed within the space of the top 3,000 probes, as ranked by median absolute deviation, using a correlation distance metric and centroid linking method.
Differential Gene Expression Analysis. Differential gene expression analyses were performed using the top 10,000 median absolute deviation-ranked probes across the data set. Probes correlating with the subset of interest were ranked according to their signal-to-noise ratio (SNR) as previously described (36) . Each analysis was corrected for multiple hypothesis testing, to yield FDR Q values, by completing 10,000 permutations (37) . Gene signatures for each subset were restricted to 350 up-regulated and 350 down-regulated transcripts, the maximum number that maintained statistical significance (FDR < 0.25) across all subsets.
Hypergeometric Enrichment Analysis of Transcription Factor Target Gene Sets. The overrepresentation of TF target gene sets within transcriptional signatures was assessed by a one-tailed Fisher exact test using the Gaussian hypergeometric probability distribution (38) , henceforth referred to as hypergeometric gene set enrichment analysis (HG-GSEA). We used HG-GSEA to infer the activity of TFs during discrete stages of differentiation, through the use of the Molecular Signatures Database (MSigDB) compendium of TF target gene sets (39) . The MSigDB c3 TFT collection consists of 615 gene sets, and many transcription factors are represented by multiple gene sets (18) . We used stringent criteria to define TFs with enriched activity, requiring more than 50% of corresponding target gene sets to be significantly enriched (FDR < 0.25) and more than one to be highly significant (FDR < 0.01).
Evaluation of Yy1 Binding. Publicly available ChIP sequencing (ChIP-seq) data from human cells was used for preliminary validation of the murine GCBspecific Yy1 target genes highlighted by HG-GSEA. Raw Yy1 ChIP-seq signal data from K562 cells were obtained (30) using the UCSC table browser (40) for regions 2 kb upstream and 2 kb downstream of predicted Yy1 target genes. The presence of Yy1 binding peaks was determined as previously described (30) . A subset of the predicted Yy1 target genes was further validated using chromatin ChIP-coupled quantitative real-time PCR (ChIP-qPCR) using ChIP assay kit (Upstate Biotechnologies) and available quantitative PCR assays (Applied Biosystems). Detailed protocols are described in SI Materials and Methods.
DNA Sequence Motif Analysis. We conducted a comprehensive analysis of the enrichment of Yy1 binding sequence motifs in GCB signature genes and representation of this motif in all signature genes. This was performed by obtaining promoter region sequences, 2 kb upstream/downstream of the transcription start site, for each of the GCB signature genes using the UCSC table browser (40) . Promoter regions were analyzed for significantly overrepresented DNA sequence motifs (FDR < 0.1), and motifs with ≥75% identity were combined into clusters using CisFinder (31) . Clusters were then correlated with known TF binding matrices from the CisView and TransFac databases to identify the regulatory transcription factor (31, 41) . The regulatory regions of GCB signature genes and the combination of all other signature genes were then searched for occurrence of the identified Yy1 consensus binding motif using CisFinder. The frequency of occurrence of the Yy1 motif by physical position within GCB and non-GCB signature genes was derived using CisFinder.
Evaluation of Murine GCB-Specific Yy1 Target Genes in Human GCBs. Specificity of murine GCB Yy1 target genes for human GCB cells was evaluated using a publicly available dataset consisting of human naive B cells, centroblasts, centrocytes, and memory B cells (GEO accession no. GSE2350) (42) . Human GCB (centrocytes and centroblasts) cells were compared with non-GCB (naive and memory) cells for the expression of murine GCB-specific Yy1 target genes, defined by DNA sequence motif, using gene set enrichment analysis with GSEA-P software (39) .
Analysis of B-Cell Differentiation Signatures in Murine B-Cell Lymphoma Models. We evaluated B-cell differentiation signatures in three murine Bcell lymphoma models that share common features with Pro/Pre-B (Lig4/p53 knock-out) (32) , GCB (BCL6 knock-in) (33) , and post-GCB (Bcl6/Myc-transgenic) (34) cells using Affymetrix Mouse 430A 2.0 microarrays. Detailed descriptions of sample processing are provided in SI Materials and Methods. Transcriptional signatures for each tumor model were derived using a oneversus-all analysis compared with the remaining two models, as described above, and the top 350-markers according to FDR Q-value.
Classification signatures of the nonmalignant B-cell subsets were derived by adding a fold-change criteria (FC > 1.25) to identify the most robust markers within the more comprehensive 350-gene signatures. Because of the similarities in gene expression profiles between Pro-B and Pre-B subsets and between Follicular B and MZ B subsets, these categories were combined into single classification signatures (Pre/Pro-B, Foll./MZ). The representation of normal B-cell classification signatures within tumor model signatures was assessed using HG-GSEA, as described above.
